Jumping-height-and-distance (JHD) active adjustment capability is important for jumping robots to overcome different sizes of obstacle. This paper proposes a new structural-parameter-based JHD active adjustment approach for our previous jumping robot. First, the JHD adjustments, modifying the lengths of different legs of the robot, are modelled and simulated. Then, three mechanisms for leg-length adjustment are proposed and compared, and the screw-and-nut mechanism is selected. And for adjusting of different structural-parameters using this mechanism, the one with the best JHD adjusting performance and the lowest mechanical complexity is adopted. Thirdly, an obstacle-distance-andheight (ODH) detection method using only one infrared sensor is designed. Finally, the performances of the proposed methods are tested. Experimental results show that the jumping-height-and-distance adjustable ranges are 0.11 m and 0.96 m, respectively, which validates the effectiveness of the proposed JHD adjustment method.
Introduction
Jumping locomotion can help creatures in nature to traverse unstructured environments efficiently to hunt for food and escape from their natural enemies [1], especially for small insects such as locusts [2] , froghoppers [3] , and fleas [4] . Inspired by jumping animals, researchers have developed a great many jumping robots [5] [6] [7] [8] for possible applications in planetary exploration [9] , search and rescue [10] , reconnaissance [11] , mobile sensor networks [12] , and so on.
Jumping-height-and-distance (JHD) adjustment capability is crucial for negotiating different heights of obstacles and different widths of ditches for jumping robots. However, few existing jumping robots have an active JHD adjustment function. The third generation of the JPL robot [13] is able to adjust its JHD by using a take-off-angle adjustment system. The SandFlea utilizes a leg under its body for JHD adjustment [11] . Our previous continuous-jumping robot [14] [15] [16] , shown in Figure 1 , is capable of adjusting its JHD actively by using a pole leg and an additional weight (AW) for adjusting its centre of mass (COM). However, this method has some disadvantages. Firstly, the heavy AW lowers the energy efficiency of the robot. Secondly, the JHD can only be adjusted from 88 cm to 93 cm and 20 cm to 60 cm, respectively. The adjustment ranges are larger only when the AW is heavier. Lastly, the location of the AW changes when the pole leg rotates on the front surface of the robot. The COM of the robot also changes to the left or right side, which leads to lateral shift of the robot during jumping locomotion. Body structures of animals and insects can influence their locomotion performances. Steudel-Numbers et al. found that people with relatively longer lower limbs have lower locomotor costs during walking [17] and running [18] . Pontzer reported that effective limb length drives the scaling of locomotor cost for terrestrial animals [19] .
In addition to studying the effects of body structures on animals' locomotion performances, researchers have also begun to investigate the effects of structural parameters on locomotion performances of manmade machines. Structural parameters of articulated mechanisms can be optimized to improve performances of jumping robots. Lim et al. developed optimization algorithms to improve the performance of a biarticular-legged jumping robot [20] . The structural parameters of the four-bar mechanism can affect the take-off angle and acceleration time during take-off of the jumping robot, as indicated in [21] . The authors in [8] also studied the relationship between take-off velocity and lengths of the four-bar mechanism of a flea-inspired jumping robot. The jumping mechanism and energy mechanism of the six-bar-mechanism jumping robot are optimized to obtain the smallest peak torque for energy charging [22] .
In this paper, in order to overcome the drawbacks of our previous jumping robot and enhance its obstacle negotiation capability, we investigate the possible JHD adjustment approaches based on adjustment of structural parameters. The modelling, simulation, mechanism design, sensing method, prototype implementation, and experimental results are described in the next sections, respectively.
Modelling and simulation

Modelling
Kinematic Model
As shown in Figure 2 , the structural parameters of the fourbar mechanism composed of the lower leg, main leg, body, assistant leg 1, and assistant leg 2 are r 1 to r 5 . m 1 is the mass of the lower leg and assistant leg 2. m 2 to m 4 are the masses of the main leg, body, and assistant leg 1, respectively. J i is the moment of inertia of the corresponding masses. The distances between the COM of the masses and the joints are represented by l i . (x f , y f ) is the position of the robot's foot. θ i is the relative angles of the bars, as shown in the Figure. α is the angle between r 3 and l 3 . x f , y f , and θ i are variables for describing the positions and orientations of the bars. It is assumed that the contact point between the lower leg and the ground is an ideal hinge and that there is no slippage between the lower leg and the ground before take-off. The positions P i (x ci , y ci ) of the COM of the bars are as follows: 
The relationships between θ 3 and θ 2 , and θ 4 and θ 2 are illustrated in Figure 3 . θ 3 and θ 4 can be expressed by θ 2 as ( ) From (1), we can derive expressions of the position, velocity, and acceleration of the COM of the robot. We can also obtain the ground reaction forces on the lower leg of the robot before taking off, as follows: 
The robot will take off from the ground when F y decreases to zero. The jumping process consists of the pre-take-off (PRT) stage and the post-take-off (POT) stage. During the PRT stage, the robot has two degrees of freedom (DOF). θ 1 and θ 2 are used as independent variables to represent the two DOFs. During the POT stage, the robot has four degrees of freedom. x f , y f , θ 1 , and θ 2 are four independent variables to represent the four DOFs.
Dynamic Model
In order to simplify the modelling and simulation, the joint friction forces of the four-bar mechanism, the damping of the spring, and the air resistance are not considered. The dynamic model of jumping can be expressed by a Lagrange equation as follows:
where T is the kinetic energy, which includes the translational kinetic energy E k and rotational kinetic energy E r of the four bars as follows:
V denotes the potential energy including the gravitational potential energy E g of the bars and the elastic potential energy E e of the torsion spring. The stiffness coefficient of the torsion spring is K. The free position of the torsion spring is π/2 when there is no energy stored in the spring. The equilibrium position of the spring is 0 rad when it is fully loaded. As illustrated in Figure 2 , θ 3 has the following relationship with the angle θ of the torsion spring: θ 3 = θ − 5π/6. θ 3 increases from −5π/6 to −π/3 when θ increases from 0 rad to π/2 during the compressing of the spring. E g and E e are as follows:
q i is the generalized coordinates and Q i is the generalized forces. When the spring is triggered, the energy stored in the spring is released and the robot obtains an initial velocity for taking off from the ground.
Simulation
The structural parameters of the body and the main leg cannot be easily modified as they form the robot's main frame, which contains the driving motor, gears, battery, control module, and springs. The lengths of the lower leg and the assistant legs can be modified easily. So, the jumping of the robot is simulated for different values of r 1 , r 5 , r 1 / (r 1 + r 5 ), and r 4 with 10 mm length changes to investigate the feasibility of the structural-parameter-based JHD-adjustment method.
In the PRT stage, the generalized coordinates of q i are [θ 1 , θ 2 ] T . Two second-order nonlinear differential equations can be derived from (5) as follows:
The elements of the matrix and vector in (8) are shown in Appendix A.1. In the POT stage, the generalized coordinates of
From (5), we can also obtain four second-order nonlinear differential equations, as follows: 11  12  13  14  1  1   21  22  23  24  2  2   31  32  33  34  1  3  3   41  42  43  44  2 
Lower-Leg Length r1
First, the relationship between the JHD and r1 is simulated. Here, r4 = kg·m 2 . l1 and J1 are decided by r1, r5, and m1 when r1 changes from robot are shown in Figure 4 
Ratio r1 / (r1 + r5)
The JHD also can be adjusted when r1 increases from 0.065 m to 0.075 m while (r1 + r5) is 0.103 m and stays constant. Here, r4 = 0.079 m and J4 = 2.975e−6 kg·m 2 . l1 and J1 are decided by r1, r5, and m1. As shown in Figure 6 , the jumping height increases from 1.47 m to 1.54 m while jumping distance decreases from 1.85 m to 0.78 m when r1 increases from 0.065 m to 0.075 m and r5 decreases from 0.038 m to 0.028 m. The adjustable ranges of jumping height and distance are 0.07 m and 1.07 m, respectively. 
The JHD also can be adjusted when r1 increases from 0.065 m to 0.075 m while (r1 + r5) is 0.103 m and stays constant. Here, r4 = 0.079 m and J4 = 2.975e−6 kg·m 2 . l1 and J1 are decided by r1, r5, and m1. As shown in Figure 
Jumping-height-and-distance adjustment mechanism design
Leg-Length Adjustment Mechanisms
Three possible mechanisms for leg-length adjustment are illustrated in Figure 8 . L 1 , L 2 and L 3 denote the effective length of a leg. In Figure 8 (a),L 1 is adjusted by the angle between L 11 and L 12 when joint j 1 rotates, driven by a motor. L 2 can be modified by the angle between L 21 and L 22 when joint j 2 rotates, driven by a motor as shown in Figure 8 (b).
In Figure 8 (c),L 3 is changing when the screw L 31 is rotating relatively to the nut L 32 . A comparison of the three mechanisms proposed above is shown in Table 2 . The comparison criteria include low number of driving motors, small size, low mechanical complexity, and high mechanical stability. The three mechanisms all need one driving motor. The main advantage of the two-link mechanism is its low mechanical complexity. However, it has the largest size and lowest stability. The multi-parallelogram mechanism has moderate size and stability, but the highest mechanical complexity. The screw-and-nut mechanism has the merits of having the smallest size, moderate mechanical complexity, and highest stability. Thus, the screw-and-nut mechanism is selected as the leg-length adjustment mechanism for our robot. 
Screw-And-Nut Mechanisms for Leg Adjustment
Screw-and-nut-based mechanisms for the length adjustment of different legs are designed. The CAD models of the mechanisms are shown in Figure 9 . In Figure 9 (a), the two lower legs are two screws connected by connectors 1 and 2 with two feet fixed at their end points, respectively. The adjusting motors are mounted on connector 2. Gear 2 is fixed on the screws; gear 1, fixed on the shafts of the motors, is able to drive gear 2. The screws are also driven to rotate relatively to the feet, which have internal thread and can be seen as two nuts. Thus, the length r 1 of the lower legs can be adjusted when the length r 5 is kept fixed by the bolt. In Figure 9 (b), connector 1 can be seen as a nut. The two lower legs are driven by the motors to rotate and r 5 is adjusted when r 1 stays fixed. In Figure 9 (c), the motors are mounted on connector 1. Connector 2 can be seen as a nut which has translational motion along the lower legs while they are rotating. Therefore, r 1 / (r 1 + r 5 ) can be adjusted. As illustrated in Figure 9 (d), connectors 3 and 4 are connected by a screw. Connector 3 can be seen as a nut which has internal thread. The screw rotates to adjust r 4 when the two connectors do not rotate. A comparison of the four structural parameters' adjustment mechanisms is shown in Table 3 . The first three mechanisms all need two driving motors and have complex mechanical structures needing synchronized control of the motors. Because the feet will kick the ground before the robot takes off, the connections between the feet and the lower legs are not stable in the r 1 adjustment method. The r 5 and r 1 / (r 1 + r 5 ) adjustment mechanisms also have the stability problem. The two-mass-model jumping robots have lower energy efficiency when the lower mass accounts for the larger part of the total mass of the robots [23] . The first three mechanisms all need the two driving motors to be mounted near to the lower legs, which represent the lower mass of the model. For thread machining, the lower legs should be made of steel material, which will make the lower mass heavier. Thus, these mechanisms have lower energy efficiency. The last mechanism, adjusting r 4 , only needs one driving motor and has the lowest mechanical complexity and the highest stability. The driving motor in the r 4 mechanism is mounted on connector 4, which is close to the body (upper mass) of the robot. The light carbon fibre with high strength used in our previous robot can still be used for the lower legs. Therefore, this mechanism has higher energy efficiency than others. In our robot prototype design and fabrication, we will use this mechanism for JHD adjustment.
Obstacle Distance and Height Detection
Obstacle-distance-and-height (ODH) information is essential for jumping robots to adjust their JHD. For our 9 cm × 7 cm × 12 cm jumping robot, it is not feasible to install big and heavy distance sensors. The low-weight and smallsize SHARP infrared distance sensor GP2D12 with a 10-80 cm detection range is selected and an ODH sensing method is designed. The detection scenario is illustrated in Figure  10 
The robot steers to find a smallest distance value between itself and the obstacle by adjusting β 1 while keeping β 2 unchanged. Then, the robot adjusts the pitch angle β 2 while keeping β 1 fixed to obtain another smallest distance value, which is the distance D. β 2 has the following relationship with the rotation angle ψ of the jumping driving motor:
For obstacle-height sensing, the detection distance value increases when the torsion springs are compressed and β 2 is increasing. The critical values β c and d c of β 2 and d can be obtained when the output voltage of the sensor is smaller than a pre-set threshold. The height of the obstacle is as follows:
This ODH detection method will be tested in Section 4.2. 
Jumping-Height-and-Distance Adjustment DecisionMaking
After establishing the ODH information, the robot has to decide how to adjust its JHD parameters to overcome the obstacle. Assume that the parameters are j h and j d , as shown in Figure 11 . We need to find the minimum values of j d and j h for obstacle overcoming. The trajectory of the robot in the air is a ballistic path. The equation of the trajectory is as follows:
In the decision-making process the robot tries to find the required jumping distance J d and height J h from the largest value to the smallest value of j d . Inserting j d , j h , and
(width W of the obstacle is not considered) into (13), we can obtain J h = y, which should be larger than H + ∆h to make sure the robot can jump over the obstacle. Here, ∆d and ∆h are respectively set as the width and height of the robot for jumping over the obstacle safely. 
Prototype implementation and experimental results
The prototype of our jumping robot with the new JHD active adjustment mechanism is shown in Figure 12 . The new assistant leg 1 is a length-adjustable mechanism, approximately 20 g in weight. The adjusting motor is installed in connector 1, which connects with the body. Connector 2 has a 20-mm-deep internal thread with an infrared distance sensor mounted on its surface. The two connectors are joined together by the screw. First, the adjustment ability of this new mechanism was tested. Then the ODH sensing method was verified by several experiments. Lastly, obstacle-overcoming experiments were done to test the performance of the new version of our robot. 
Obstacle-Distance-and-Height Detection
Before the obstacle-overcoming tests, the ODH detection method was simulated and tested. The relationship betwe output voltage v and distance D was tested when the reflected signal of the infrared sensor was perpendicular to surface of an obstacle. The results are shown in Figure 14 . The polynomial-fitting formula of D is as follows: 
Then, the sensor was mounted on a two-degree-of-freedom platform to test the distance detection performance of proposed method when both the yaw angle β1 and the pitch angle β2 were changed from −30° to 30°. 
Before the obstacle-overcoming tests, the ODH detection method was simulated and tested. The relationship between output voltage v and distance D was tested when the reflected signal of the infrared sensor was perpendicular to the surface of an obstacle. The results are shown in Figure 14 . The polynomial-fitting formula of D is as follows: 
Then, the sensor was mounted on a two-degree-of-freedom platform to test the distance detection performance of the proposed method when both the yaw angle β 1 and the pitch angle β 2 were changed from −30° to 30°. The simulation and experimental results are shown in Figures 15 and 16 when D is 15 cm and 30 cm, respectively. In the two Figures, (a) shows the theoretical values calculated by using (10) Before the obstacle-overcoming tests, the ODH detection method output voltage v and distance D was tested when the reflected s surface of an obstacle. The results are shown in Figure 14 . The poly 
Then, the sensor was mounted on a two-degree-of-freedom plat proposed method when both the yaw angle β1 and the pitch angle experimental results are shown in Figures 15 and 16 when D is shows the theoretical values calculated by using (10), (b) shows t output voltage by using (14) , From the Figures we also find that the errors are larger when the absolute value of β 1 is larger. This is caused by the non-perpendicular reflecting of the signal of the sensor from the obstacle. Bigger β 1 has more serious influences on the reflected signal. Fortunately, this has only a small effect on D detection because we only need to find the smallest d when the robot tries to steer left and right and pitch up and down.
In order to test the obstacle-height-detection method, one 25-cm-high obstacle and one 45-cm-high obstacle were used. The yaw angle was 0° and the pitch angle increased from −30° to 80°; the output voltages were used to calculate the height h. The results are shown in Figure 17 . The test results are close to the calculated results before the critical angles of 55°, 50°, 45°, and 40°, as illustrated in Figure 17 (a). After the pitch angles increase more than the corresponding critical angles for different distances, the test This error has no serious effect on the jumping-height adjustment decision-making of the robot. We can also find that the error is larger when the pitch angle β 2 is larger. Although there are errors, this obstacle-height sensing method is reliable enough and can still be used by the robot to estimate an obstacle's height.
right and pitch up and down.
In order to test the obstacle-height-detection method, one 25-cm-high obstacle and one 45-cm-high obstacle were used. The yaw angle was 0° and the pitch angle increased from −30° to 80°; the output voltages were used to calculate the height h. The results are shown in Figure 17 . This error also has no serious influence on the robot to adjust its jumping height. The results show that the proposed obstacle-height detection method with one simple distance sensor has higher accuracy when the pitch angle is smaller, which means that the distance D has an influence on the accuracy when the height H is fixed for a given obstacle.
Obstacle Overcoming
Based on validations of the JHD adjusting and obstacle detection methods, tests for overcoming different heights of obstacle were conducted. Firstly, the relationships among number of rotations n of the adjusting motor, length of r 4 , and JHD were investigated. From the test results in Figure 13 , we can obtain the relationships between jumping distance j d and r 4 and jumping height j h and r 4 as follows: 
where r 40 = 0.083 m is the initial length of r 4 . The minimum value of r 4 is 0.073 m. The robot detects the obstacle's height and distance and adjusts the adjusting motor before taking off.
The robot was placed 30 cm in front of obstacles and controlled by the operator wirelessly to detect the ODH when the jumping motor was rotating. The ODH detection results before JHD adjustment are shown in Figure 18 . The video sequences of the robot during ODH detection are illustrated in Figure 18 (a). The detected distances are From the Figures we also find that the errors are larger when the absolute value of β1 is larger. This is caused by the nonperpendicular reflecting of the signal of the sensor from the obstacle. Bigger β1 has more serious influences on the reflected signal. Fortunately, this has only a small effect on D detection because we only need to find the smallest d when the robot tries to steer left and right and pitch up and down.
In order to test the obstacle-height-detection method, one 25-cm-high obstacle and one 45-cm-high obstacle were used. The yaw angle was 0° and the pitch angle increased from −30° to 80°; the output voltages were used to calculate the height h. The results are shown in Figure 17 . The test results are close to the calculated results before the critical angles of 55°, 50°, 45°, and 40°, as illustrated in Figure 17 (a). After the pitch angles increase more than the corresponding critical angles for different distances, the test results of obstacle height deviate from the calculated results quickly and the differences between the next values and these values are larger than the 0.05 m threshold. This is because the received signal strength of the sensor drops quickly when β2 is larger than βc. So, the tested heights of the obstacle are 0. and D is 0.15 m. This error has no serious effect on the jumping-height adjustment decision-making of the robot. We can also find that the error is larger when the pitch angle β2 is larger. Although there are errors, this obstacle-height sensing method is reliable enough and can still be used by the robot to estimate an obstacle's height. respectively. This error also has no serious influence on the robot to adjust its jumping height. The results show that the proposed obstacle-height detection method with one simple distance sensor has higher accuracy when the pitch angle is smaller, which means that the distance D has an influence on the accuracy whenthe heightH is fixed for a given obstacle.
Based on validationsof the JHD adjusting and obstacledetection methods, tests for overcoming different heights of obstacle were conducted. Firstly, the relationships among number of rotationsn of the adjusting motor, length of r4, and JHD were investigated. From the test results in Figure 13 , we can obtain the relationships between jumping distance jd and r4 and jumping height jh and r4 as follows: 
The pitch p of the screw is 0.5 mm. Gears 1 and 2 all have 16 teeth. r4 can be expressed by n and p as 
Discussion
The jumping heights and distances in the experimental results are smaller than in the simulation results with the same r 4 . The energy efficiency is only 58.9% when we compare the initial translational kinematic energies in the test and the simulation results when r 4 = 0.073 m. There are five major causes for the low energy efficiency: the rotational frictions on the joints of the four-bar mechanism, the damping of the torsion springs, the air resistance, the deformations of the cam and lower legs, and the microslippage of the robot's feet on the ground before taking off. These five reasons are not considered in the simulation, while they may have serious effects on the jumping performance and the energy efficiency. The first three factors could be considered in the model of the robot. Because the deformation forces of the parts are the functions of the independent variables (angles θ 1 and θ 2 ), the deformations are not easily integrated into the non-linear differential equations for modelling and simulation. Furthermore, the take-off period is very short; it is therefore difficult to observe the slippage between the feet of the robot and the ground in the experiments. These problems will be studied in our future work.
Another disparity between the experimental and simulation results in jumping is the take-off angle. Comparing Figure 13 with Figure 7 , we find that the take-off angles in the tests are larger than in the simulations for the same length r 4 . This is mainly caused by the deformation of the lower leg. The deformation of the lower leg can result in the bending backwards of the robot before taking off, and a larger take-off angle.
The proposed structural-parameter-adjustment method for JHD has been verified by simulations and experimental tests. However, this method is still based on the principle of take-off angle adjustment, the same as with the COM adjustment method in our previous robot [14] [15] [16] . The jumping height will decrease when the jumping distance increases, which means that the jumping-height adjustment and jumping-distance adjustment are coupled together. This may not be appropriate in some conditions for overcoming higher and more distant obstacles. Two possible solutions could be used to deal with this problem. One would be to design a new uncoupled JHD adjusting method, such as energy controlling for jumping by using the multimodal actuator [24] for jumping robots. The other would be to finely adjust the distance between the robot and the obstacle. This could turn the JHD adjustment problem into a jumping-height adjustment problem only.
The proposed ODH detection method with only one distance sensor is very simple and effective. Its detection accuracy is acceptable for our robot to estimate the ODH before JHD adjustment. The problem is that the obstacleheight detection accuracy decreases when the pitch angle β 2 increases and the signal received by the receiver of the infrared sensor decreases. This means that the robot has higher-precision obstacle-height detection capability when it is located further away from a given obstacle. This problem could be solved if the robot were able to finely adjust the distance between itself and the obstacle.
Conclusions and future work
We have presented a jumping-height-and-distance adjustment method based on structural parameter adjusting for a jumping robot overcoming different heights of obstacle. The influences of four possible structural parameters on jumping performances have been simulated. The results show that the length r 4 of the assistant leg 1 has the largest JHD adjustment ranges under the same 10-mm-long changes of the four parameters. Three leg-length adjustment mechanisms have been analysed and the screw-andnut mechanism selected for the robot. After considering the number of driving motors, mechanical complexity, stability, and energy efficiency, the r 4 adjustment mechanism is selected for our new robot fabrication. The JHD adjustment tests verify the effectiveness of the proposed method. The ODH-detection test results show that this simple method is capable of estimating the distance and height of an obstacle for JHD adjustment decision-making. The results also indicate that the proposed method has higher-precision obstacle-height sensing capability with smaller pitch angle. The obstacle-overcoming test results validate the ODH sensing and the JHD adjustment of our robot.
Future work includes four aspects: (1) Although this prototype of the robot is able to adjust its JHD to overcome different heights of obstacle, the coupling between the JHD adjustments should be solved for flexible obstacle negotiation. A new escape mechanism for jumping should be designed for more fine-grained energy control. Fine motion for position adjustment of the robot as seen with jumping creatures in nature with walking and climbing locomotion modes will also be explored for JHD adjustment decoupling. (2) Reasons for the low energy efficiency will be investigated in depth. The jumping model of the robot will be refined considering the joint frictions, spring damping, air resistance, and deformation of the lower leg. (3) The combinations among the proposed JHD adjustment method of the new robot prototype and the self-righting and steering of the first version of the jumping robot will be studied for cooperative motion planning and continuous jumping locomotion. (4) In order to ensure the robot has a safe landing posture, the active aerial posture adjustment will be studied. Furthermore, the collision energy active absorbing by the leg during landing will be investigated for the next generation of the robot. 
